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= Industrial context:
— Structures must be able to resist to crash situations
— Numerical simulations is a key to design structures
— Efficient time integration in the non-linear range is needed

= Goal:

— Numerical simulation of
blade off and wind-milling in
a turboengine

— Example from SNECMA
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1. Scientific motivations

2. Consistent scheme in the non-linear range
3. Combined implicit/explicit algorithm

4. Complex numerical examples

5. Conclusions & perspectives
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= Scientific context:
— Solids mechanics
— Large displacements
— Large deformations
— Non-linear mechanics

= Spatial discretization into finite elements:
— Balance equation M X+ F™ = Fe

) =int _ TR
— Internal forces formulation  F —VJZf DJdVy
0

>: Cauchy stress; F: deformation gradient; f = F1;
D= o /57(0 - derivative of the shape function; J: Jacobian
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= Temporal integration of the balance equation

= 2 methods:
— Explicit method

>

> Xn+1: Xn+1

X Xl XI
>

approximation - ~1f=ext =int) deduction _ Kt
% >Xn+1=M (Frfx —Fy" )

>

~

* Non iterative
 Limited needs in memory > Very fast dynamics
« Conditionally stable (small time step)

n+l - - M)—(’_l_ Iflnt — Ifext
/ Iterations Js — f(X R 5oz
< ,]xn+1— (X Xn, Xn41, Xn, Xn41)
X

extrapolation {

— Implicit method

Xl X X}
> 35S S5
N —

ne1=f (in  Xns Xn+1s in’ 5_<;n+1)
o |terative
* More needs in memory > Slower dynamics
 Unconditionally stable (large time step)J
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= |f wave propagation effects are negligible

— |mplicit schemes are more suitable

— Sheet metal forming (springback, superplastic forming, ...)

— Crashworthiness simulations (car crash, blade loss, shock
absorber, ...)

= Nowadays, people choose explicit scheme mainly
because of difficulties linked to implicit scheme:

— Lack of smoothness (contact, elasto-plasticity, ...)
— convergence can be difficult
— Lack of available methods (commercial codes)

= Little room for improvement in explicit methods

= Complex problems can take advantage of combining
explicit and implicit algorithms
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= Conservation of linear momentum (Newton’s law)

— Continuous dynamics %:ﬁeﬂ

— Time discretization = > Mpq-Mé,=at Y FEX, & D Fily,=0

nodes nodes nodes

= Conservation of angular momentum

— Continuous dynamics &AMX_, zex
ot

— Time discretization Z Zin+1A M1 = % A MX, = At Zzn+1/2 A IEneﬁlz

nodes nodes nodes

& D %2 AR, =0
nodes
= Conservation of energy
int _ O

— Continuous dynamics QK+§W :aWeXt_Dint Dint: dissipation (plasticity ...)

Wint: internal energy;
Wext: external energy;

— Time discretization Wit -Wa™ +AD™ = SR 5 e [%0h %] &

nodes

1 - - 1 int int int _
Z EMXn+1 ® Xn+1— 5 Ilen ° Xn +Wpip —Wqp™ +AD Z I:n+1/2 [Xn41—Xn]
nodes nodes



‘-— i
.-—E’

= Central difference (no numerical dissipation)

Xni1/2 = Xp—1/2 T At X,

X =% +ALX .,

=M B [F i Fnli’[l]

n+1

= Hulbert & Chung (numerical dissipation) [CMAME, 1996]
[1 aM] n+1_M_1[FeXt Flnt] aM X

n
= = > 1 = 2, =
);(n+1 = )_.(’n +At[1—7/] i(:n + Aty X

n+1

= Small time steps — conservation conditions are
approximated

= Numerical oscillations may cause spurious plasticity
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= o-generalized family (Chung & Hulbert [JAM, 1993])

g 1 |. _ - 1 =
_ fxn+1 :W{Xml_xn — At Xy _[E_IB} At? Xn}
— Newmark relations: < p CTp 1] .
et =ﬁ[f<m - %, {;—1} At %, J{?_E} NG xn}
— Balance equation: 1% mi s Aomg s[Em o Fe]y % [EmoEeo
1—0!,: 1_a|: 1_aF

— oy =0and or=0 (no numerical dissipation)
 Linear range: consistency (i.e. physical results) demonstrated
* Non-linear range with small time steps: consistency verified

* Non-linear range with large time steps: total energy conserved but without
consistency (e.g. plastic dissipation greater than the total energy, work of the
normal contact forces >0, ...)

— oy # 0and/or a0 (numerical dissipation)
* Numerical dissipation is proved to be positive only in the linear range
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= Example: Mass/spring Suml =15Nm A .
system (2D) with an initial . SIS
velocity perpendicular to N

the spring (Armero & Romero < > m=2kg

[CMAME, 1999]) ,=10m
Explicit method: Atcrit ~ 0.72s;

1 revolution ~ 4s

— Newmark implicit scheme — Chung-Hulbert implicit
(no numerical damping) scheme (numerical damping)

Y (m)

Y (m)




= Same mass/spring system with a central difference scheme
At_ ..~ 0.72s computed from the maximal pulsation of the system (2 degrees of freedom)

—~
~

gy (9)

-

crit

At = 0.005 s (cst)
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= Consistent implicit algorithms in the non-linear range:

— The Energy Momentum Conserving Algorithm or EMCA
(Simo et al. [ZAMP 92], Gonzalez & Simo [CMAME 96]).
 Conservation of the linear momentum
 Conservation of the angular momentum

 Conservation of the energy (no numerical dissipation)

— The Energy Dissipative Momentum Conserving algorithm or
EDMC (Armero & Romero [CMAME, 2001)):
 Conservation of the linear momentum
 Conservation of the angular momentum

* Numerical dissipation of the energy is proved to be positive
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= Based on the mid-point sc

— Relations displacements
/velocities/accelerations =

— Balance equation

— EMCA:
o With £I"Y,

verify conservmg equations

* No dissipation forces and no
— EDMC:

Neme (Simo et al. [ZAMP, 1992])

/2 -+ I2n+1/2fn+1/2 DJ n+1/2dvo and Fn+1/

i Xn+1 + X _ Xn+1 - )_(n
2 At
Xn+1 T )_{ (_|_ )—('dISS) Xn+1 B )_{n
. 2 n+1 At
X + X = = = i
M 2 Fnerltlz - FnTL/Z (_ Fnilijz)

-ext , designed to

dissipation velocities

» Same internal and external forces as in the EMCA

. With Fii2 and X0 designed to achieve positive numerical
dissipation without spectral bifurcation



= Comparison of the spectral radius ,
i i i . I
— Integration of a linear oscillator: Xn+1=exp[r”)tn+1}08£w tn+1j

At

p: spectral radius; o: pulsation

Low numerical dissipation High numerical dissipation

1.4 - 1.4 - |

1.2 - 1.2 '
ER 5 1 '
S . 5 . \
S p0g @ 4 CHimplicit S 08 | 4 CHimplicit
I — HHT I — HHT
g 06 1 o Newmark g 06" & Newmark
& 0.4 —EDMC-1 & 0.4+ —EDMC-1

02 — CH explicit 02 — CH explicit

O \ \ \ \ ‘ ‘ 0 \ \ \ \ \ \
O 001 0.1 1 10 100 1000 0O 001 0.1 1 10 100 1000

Q=wAt Q=wAt
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= Forces of the spring for any potential V

— Without numerical dissipation E!"},, _ V) =Vln) %41+ % |
(EMCA) (Gonzalez & Simo

[CMAME, 1996])

20

20 -
X (m)

EMCA, At=1s

20

Y (m)

20

EMCA, At=1.5s

-20 -

X (m)

Angular momentum (kg m2/s)

12, —12
n+1l " 'n

0 100 200 300 400 500

-150

POl LiaLibld b lalividlatblidilld aliiis

— Conserving
— Newmark

-250

Time (s)

— The consistency of the EMCA solution does not depend on At
— The Newmark solution does-not conserve the angular momentum
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— With numerical dissipation
(EDMC 1st order ) with

dissipation parameter 0<y<1
(Armero&Romero [CMAME,
2001]), here y = 0.111

12

Equilibrium length

=
[EEN

Length at rest

Length (m)
=
o

—EDMC

©

—HHT

8 -

0 100 200 300 400 500
Time (s)

Angular momentum (kg m2/s)

4 = diss . Xn+1 - Xn [Xn+l+)zn]
Xn+1 _Z - X
Xn+1 + Xn 2
w1y q+I
V n+l"'n - N
gdiss  _ 2 [ [Xn+l+xn]
n+l/2 =X
. lns1+1n 2

o

D 100 200 300 400 500

-50 -
-100 - —EDMC
— HHT

-150 -

o

-200

-250 -
Time (s)

— Only EDMC solution preserves the driving motion:
* The length tends towards the equilibrium length
« Conservation of the angular momentum is achieved
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= Hyperelastic material (stress derived from a potential V):
— Saint Venant-Kirchhoff hyperelastic model (Simo et al. [zAMP, 1992])
— General formulation for hyperelasticity (Gonzalez [CMAME, 2000]):

- F: deformation gradient

2
o) HGL%”—GL%H j _
N onal " Nl GL.: Green-Lagrange strain
L Fq +F oV | GLy+GL ’ E ) -
n+1/2 = 2 ’ 0  V: potential

v 2 oGL
0 -
D= @(0/5)_(0
. shape functions
_ ' =i oV =
Classical formulation: I Fos Py

V
— Hyperelasticity with elasto-plé)stic behavior: energy dissipation of

the algorithm corresponds to the internal dissipation of the material
(Meng & Laursen [CMAME, 2001])
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= Description of the contact interaction:

.
—» n:  normal
n —
. t:  tangent
—> FCOHt
; 777 o O
S l ig<0 Edont: force

= Computation of the classical contact force:
— Penalty method FCONt — kg i ky: penalty
; _ AL [
— Augmented Lagrangian method E¢t - A5 kg 7 T

— Lagrangian method ECONt _ AR
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= Penalty contact formulation (normal force proportional to
the penetration “gap’) (Armero & Petocz [CMAME, 1998-1999]):

— Computation of a dynamic gap for slave node X projected on
master surface y{u)

d d = - . _
0541 =00 +Mns1/2 @Kot — Xn = Va1 (Uns1y2) + Yo (Unsts2)]
— Normal forces derived from a potential V
d d
gcont _ V(9n+1)_v (gn )ﬁ
n+1/2 — q q n+1/2
On+1—9n

= Augmented Lagrangian and Lagrangian consistent contact

formulation (chawla & Laursen [IINME, 1997-1998]):
— Computation of a gap rate

r . _ _ _ _
At Qny1/2 =Nny1/2® [Xn+1 —Xn = Yne1Uni1/2) + Vi (Un+1/2)]
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= The EMCA or EDMC for hypoelastic constitutive model:

— Valid for hypoelastic formulation of (visco) plasticity

— Energy dissipation from the internal forces corresponds to the
plastic dissipation

= Hypoelastic model:

— stress obtained incrementally from a
hardening law

— no possible definition of an internal
potential!

— ldea: the internal forces are
established to be consistent
on a loading/unloading cycle

stress
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= Incremental strain tensor: a1 |n(Fn+1TFn+l]
n n n

E: natural strain tensor; F: deformation gradient

= Elastic incremental stress: AS"=H EM?
X Cauchy stress; H: Hooke stress-strain tensor
= Plastic stress corrections: s = f (0™ &)

(radial return mapping: Wilkins mcp, 1964],
Maenchen & Sack [mcr, 19641, Ponthot [1sp, 2002))

s¢: plastic corrections; c¥™: yield stress;
& equivalent plastic strain

= Final Cauchy stresses: 2 =R +AX - R

(final rotation scheme: Nagtegaal &
Veldpaus [NAFP, 19841, Ponthot [13p, 2002])

R: rotation tensor;

= Classical forces formulation: £ = [z Daav,
Vo

n+l —
f = F1; D derivative of the shape function;
J : Jacobian

n +1T
n
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= EMCA (without numerical dissipation):

— Balance equation X”+12+ n _pext _gint

— New internal forces formulation:
=int 1 n+1 [ n ] nT =N n+1
Fnt1/2 —Zvj [I+Fn }2 +C*| fg DJ +[I+fn }

F: deformation gr%dient; f. inverse of F; D derivative of the shape function; J : Jacobian = det F;
> Cauchy stress

T .
Zn+l+C**] f61+1 D\] n+1dVO

; |
~ ADM /30— g

. C GLrI]]+1
— Correction terms C* and C**: GLG™ 6L
(second order correction in the plastic o AD™ /95 An+P ST
- - - n
strain increment) _ ARl AN+l

AD"t: internal dissipation due to the plasticity; A: Almansi incremental strain tensor (A = APl + Aél);
GL: Green-Lagrange incremental strain (GL = GLP' + GL®)

e - ~ > FMe=0 & D Fni1/2 A Fali/p =0
— Verification of the | nodes nodes
conservation laws AD = [ SR 5 o[y~ al

-~ cycle nodes
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= EDMC (1st order accurate with numerical dissipation):

— Balance equation

M Xn+1+Xn _ Eext

= int = diss

n+1/2 — I:n+1/2 —Mn+l/2

— New dissipation forces formulation:

= diss 1 N+1]~*n! = N+1]~*enel =
Fn+1/2=zvj [|+Fn }D f§ D+[I+fn }D £ Ddv,

n+1 n+1
T L ENTHEN )
D = GL"

— Dissipating terms D* and D**:  _ GLyt:GLY?

— Verification of the
conservation laws

—

-

1 1
e 2 1E T H i ESR 3

1
AN*

=di S =diss
Z Fndfis/z =0 & Z Xni1/2 A Fni1y2 =0
nodes nodes
num = diss S = ~diss X -
AD™MM = X" FiT2 o [Xns1 — Xn ]+ MXqit) 2 @ [Xni1 — Xn]
nodes

AD"™M: numerical dissipation
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= Impact of a cylinder :
— Hypoelastic model
— Elasto-plastic hardening law
— Simulation during 80 ps

Equivallsnt olastic strain
0.000 0.625 1.25 1.65 2.50





= Simulation without numerical dissipation: final results

60
58
56

54

Total energy (J)

52
50

1000.0%

100.0%

1.0%

Internal energy error

0.1%

10.0% -

B Newmark

- & EMCA with corrections (C*, C**)
X EMCA without corrections

- - Initial energy

0.1 1
Time step size (us)

- -

—- Newmark
—o— EMCA with correctiogs (C*, C**)
—e - EMCA w(i)t’kécywﬁgions

|- - -Second ofder

0.1 1

Time step size (us)

0.2

o
!

Internal energy (J)
o
N

0.4 -
Ay
-0.6 o8 |
0.1 1
Time step size (us)
n
E 2500 +
T
[ 2000
S 1500 -
0
S 1000 -
g —#- Newmark
g 500 | —®— EMCA with corrections (C*, C**)
= —e - EMCA without corrections
T 0 ‘ IR |
z
0.1 1

Time step size (us)



= Simulations with numerical dissipation: final results
— Constant spectral radius at infinity pulsation = 0.7

Internal energy (J)

0.2

-0.4

-0.6

*~—o
] —#- Newmark N *\\
——EDMC-1 o -
—A- HHT N A
1 e-CH \\
e
0.1 1

Time step size (us)

Error on the internal energy

— Constant time step size = 0.5 ps

Internal energy (J)

0.2

o
|

o
N

o
~

-0.6

"0

~e
A = — A
| —m— Newmark
——EDMC-1 e ‘\\“\
. —A-HHT -
—-CH

0 02 04 06 038 1
Spectral radius at infinity pulsation

Newton-Raphson iterations

1000.0% -

100.0% -

10.0% - -~ Newmark ——EDMC-1
—A-HHT —e-CH
1.0% 4 ----First order
0.1% T T T T T T T L
0.1 1
Time step size (Us)
1400

1200 - —- Newmar
1000 4+ —e—EDMC-1

goo | 4 ant
600 -
400
200 -
0 ‘ ‘ ‘ ‘ ‘

0 0.2 0.4 0.6 0.8 1
Spectral radius at infinity pulsation
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= |Impact of 2 cylinders (Meng&Laursen) :
— Left one has a initial velocity (initial kinetic energy 14J)
— Elasto perfectly plastic hypoelastic material
— Simulation during 4s

=)L [ Lol B (L
0.000 0100 0,200 0. 500 0] 400





= Results comparison at the end of the simulation
Newmark(At=1.875 ms) EMCA (with cor., At=1.875 ms)

Equivalent plastic strain Equivalent plastic strain
0 0.089 0.178  0.266 0.355 0.090 0.180  0.269 0.359

Newmark(At=15 ms) EMCA (with cor., At=15 ms)

B

Tt
P

il
L
i “=‘ A

Equivalent plastic strain Equivalent plastic strain
0.305 0.609 0.914 1.22 0.094 0.187 0.281 0.374



Energy plastically

orces (J)

f

-0.05 -

Work of the contact

O
=

= Results evolution comparison
At=1.875 ms

6 _
—- Newmark

2 ——EMCA
1 ----Meng & Laursen
0 !

0 2

Time (s)
L L L -

o

o ©

a P
| |

o

& <& &
- Newmark

--EMCA

Work of the contact

2 3
Time (s)

o
=

Energy plastically
disispated (J)

[ERN

o

At=15 ms

—- Newmark
——EMCA

----Meng & Laursen

2 4
Time (s)

- Newmark
--EMCA
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= Impact of 2 hollow 3D-cylinders:

— Right one has a
Initial velocity
(Xoy =10%gy )
— Elasto-plastic
hypoelastic material
(aluminum)

— Simulation during
oms

— Use of numerical
dissipation
— Frictional contact

y
Equivalent plastic strain
X 0.000 0.0220 0.0500 0.0750 0. 100





= Results comparison with a reference (EMCA; At=0.5p5s):
During the simulation:

cylinder (kgm/s)

a1
o
|
X
<

X-linear momentum of right

Energy numerically
dissipated (%)

100

- Reference
-- EDCM-1
A HHT

\l
(6]
I

N
(62}

0 0.0025
Time (s)

0.005

At the end of the simulation:

0.3

0.2 Reference

——-EDMC-1

0.1
- HHT
0.0 38 =
'0.1 [ T T T T T T T T ]
1 10

Time step size (Us)

Work of frictional

Z-angular momentum of

contact forces (J)

Q 200 -
NE y
2150 | ™ Reference
bl ) X
5100 - -o- EDCM-1
< A HHT
=, 50 -
(@]
S 0 mAnesnesAn : :
(@]
= 0 0.0025 0.005
Time (s)
-3000
-3500 -
[ = ¢ oo
~ A
-4000 - —- Reference < A
—e—EDMC-1 T
-4500 +
—A- HHT
-5000 |
1 10

Time step size (Us)
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= Hyperelastic material with use of the variational

formulation of visco-plastic updates [ortiz & stainier, cMAME 1999]

C: right Cauchy-Green strain

oAD
Sn+1 =2 8Cne+fI (C(r)H_l,CB) S: second Piola-Kirchhoff stress

AD: incremental potential

= Use of a similar form than the Gonzalez formulation
rcmame 20001 for an elastic model
o“

N EN L pn+l ch,cn+l ch,cn+l .
gint 0770 |, 0ADerr | 200 Ch |+ f ADeff(cgﬂ,cB),aADe“f 0°=0__cB||Bdv,

2
n+l_~n
o —Co‘ j

n+1/2 :v 2 oC 2 oC 2
0

F: deformation_gradient; @. shape functions; D= O/ X
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= Tumbling beam:

— Initial symmetrical
loads (t < 105s)

— Elasto perfectly
plastic hyperelastic
material

— Simulation during
150s

— Use of the variational
formulation of elasto-
plastic updates

— Conserving algorithm

0,000

0.0225

Equivalsnt plastic strain

0.0450

0.0%/%





LN
o
I

Energy (J)

=N W
o O O O
I I I

o

00 125 150

= Time evolution of the results:

70 ~
60 -
50 ~

— Work of internal

forces

— Kinetic energy

— Work of internal
forces + kinetic
energy

A Work of external

forces

Energy (J)

A

i

0O 25 5

75 100 125 150

— Plastically

dissipated energy

J — Internal energy

— Internal energy +

Plastically
dissipated energy

A Work of internal
forces
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= Shift from an implicit algorithm to an explicit one:

o CPU 1 implicit step
CPU 1 explicit step
— Explicit time step size depends on ¢ .

expl — o
the mesh max
£2D: stability limit;

@ max: maximal eigen pulsation

— Evaluation of the ratio r*

@ Atizmpl Z A)_("
T . _ :At3X ~ i=nodes '
— Implicit time step size depends on | ©&m Cre
the integration error (Géradin) < AN e 1725
ein: INtegration error; Atold | Tol
Tol: user tolerance mpl
: . At < I Algyp
— Shift criterion impl

1L USer security
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= Shift from an explicit algorithm to an implicit one:

r*_CPU 1 implicit step

— Evaluation of the ratio r* -
CPU 1 explicit step

- - - - Q
— Explicit time step size depends on A, - =
the mesh “max
£2D: stability limit;
@ max. maximal eigen pulsation 25
— Implicit time step size At = Tl €rerAleg
- - mp .o
Interpolated form a acceleration 253 AS("_
difference =nodes
Tol: user tolerance
— Shift criterion Atimpl > T Atgypy

1L USer security
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= Stabilization of the explicit solution:

Atexpl AtimpI AtimpI

—— s ——— >

tn-r* tn tn+r* tn+r*+1

— o>« 0 SE———
explicit  dissipation  balance  implicit

— Dissipation of the numerical modes: spectral radius at
bifurcation equal to zero.

— Consistent balance of the r* last explicit steps:

Xnirxt Xy =ext

=int = diss
M 5 =Fnirx2 - |:n+r*/2(_ |:n+r*/2)
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= Blade/casing interaction :

— Rotation velocity
3333rpm

— Rotation center i1s moved
during the first half
revolution

— EDMC-1 algorithm

— Four revolutions
simulation

Equivalent van Mises straess

0.000 5.25=+008 6.50=-+005 9. 755+008 1. 50=+00%





=

N—r’

Contact force

= Final results comparison:

1.2E+06 -
1.0E+06 -

8.0E+05
6.0E+05
4.0E+05
2.0E+05
0.0E+00

Explicit part of the
combined method

P »
< »

] —— Implicit (EDMC-1)
§ —- Combined
5 - @ Explicit

0 1 2 3 4

M Implicit (EDMC-1) B Combined

M Explicit

CPU (min)



bearing

flexible
shaft

bearing

Von Mises stress (Mpa)
0 680 1360

N .

shaft

spring
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= Blade off:

— Rotation velocity
5000rpm

— EDMC algorithm
— 29000 dof’s

— One revolution
simulation

— 9000 time steps

— 50000 iterations (only
9000 with stiffness
matrix updating)

Ecjuivalent von Misss strass

0.000 5.00=+003 1.00=+00% 1. 505-+00Y 2.00=+007





= Final results comparison:

Z 800000 -
600000 -

400000 -

200000 - 4

—A— Combined

Force on bearing

0

0.

--o- Explicit

e Implicit (EDMC-1

0O 02 04 0.6
Round

Z 4500000 | g Implicit (EDMC-1)
2 —A— Combined
§ 3000000 - -~ Explicit
c
o
3 1500000
(@]
L
T 1 0 I I 1
08 1.0 00 02 04 06 08 1.0

Round

= CPU time comparison before and after code optimization:

Before optimization After optimization
357 35 - iy
SO
25 | m Explicit 25 | mExplicit
20
15 +
10 -

5 |
0l

CPU (days)

CPU (days)
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= Absorption of 600J with
different impact velocities :
— EDMC algorithm
— 16000 dof’s / 2640 elements
— Initial asymmetry

— Comparison with the
experimental results of Yang,
Jones and Karagiozova pie. 2004

Exyluelanit ven lszs sirsms ecplvelsrit v Rlses sirss Erpluclant von Lsss sives Erpluclant van Mlass sirzs
et 250, 0. 0.eCo 220, ECO. (et 220, L0, 0.C00 220, Z00.








= Final results comparison:

Force on 1/4 of the

—— Implicit (EDME
—4— Combined
—o— Explicit

® Experimental (Yang)
—%—Jones et al (shells, explicit)

Crushing distance (mm)
N
o

14.84 25.34 64.62
Impact velocity (m/s)

> > >

98.27

v
-1500 - o ) ' o
-3000 - —&— Implicit (EDMC-1) 17
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= Time evolution for the 14.84 m/s impact velocity:
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combined method
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= Advantages of the consistent scheme:

— Conservation laws and physical consistency are verified for each
time step size in the non-linear range

— Conservation of angular momentum even if numerical
dissipation is introduced

= Advantages of the implicit/explicit combined scheme:
— Reduction of the CPU cost
— Automatic algorithms
— No lack of accuracy
— Remains available after code optimizations
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= Drawbacks of the consistent scheme:
— Mathematical developments needed for each element, material...
— More complex to implement

= Drawback of the implicit/explicit combined scheme:
— Implicit and explicit elements must have the same formulation
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= Development of a second order accurate EDMC scheme

= Extension to a hyper-elastic model based on an
Incremental potential (in progress)

= Development of a thermo-mechanical consistent scheme
= Modelization of wind-milling in a turbo-engine



